A simple amperometric detection (AD) method based on mesoporous platinum (Pt) electrodes has been developed for the determination of sugars (glucose, fructose, and sucrose) with high-performance anion-exchange chromatography (HPAEC). The amperometric detection is based on the direct oxidation of sugars on mesoporous Pt films formed on a gold electrode. The mesoporous Pt electrode (roughness factor of 243) sensitively responded to glucose, fructose, and sucrose in 80 mM sodium hydroxide solution as an alkaline mobile-phase for HPAEC. Under the optimum conditions, the limits of detection (S/N = 3) in these sugars were 0.24, 0.29, and 1.8 mM, for glucose, fructose, and sucrose, respectively. The reproducibility (relative standard deviation) of the measurements was less than 3.5%. The present method was applied to the determination of sugars in apple juice. The recoveries for all sugars ranged from 97 to 99%.
Introduction
The determination of sugars is of considerable importance in the food and beverage industry because of their nutritional significance. Although high-performance liquid chromatography (HPLC) with various modes is widely employed, [1] [2] [3] [4] [5] [6] the detection of sugars is still a troublesome task. Since sugars lack native chromophores and fluorophores, they should be pre-reacted with proper derivatizing agents in order to employ a common UV or fluorescence detector. 7, 8 However, the derivatization steps are often time-consuming and can add complexity to the analysis procedure. Therefore, refractive index detection as a universal detector has been occasionally used in sugar analysis, but it is limited by poor sensitivity. 9 Amperometric detection in HPLC is well established for many easily oxidized or reduced organic analytes. However, sugars are not easily oxidized at commonly used glassy carbon and carbon paste electrodes. The sugar can be oxidized at a Pt electrode without the pre-or postderivatization steps; however, the response is quite small and the electrode surface is easily fouled. 10 As a result, two electrochemical methods are most widely used. One is the pulsed amperometry (PAD) in which a pulsed potential is applied to electrochemically clean the noble metal (Au, Pt) electrode surface. 11 Although the PAD detector offers good sensitivity in alkaline mobile phase of high-performance anion exchange chromatography (HPAEC), this detection unit is more complex and expensive than the simple constant potential amperometric detection units already in common use among chromatographers.
The other is the constant potential amperometry in which transition metals (Cu, Ni), [12] [13] [14] [15] [16] [17] [18] Ni alloys [19] [20] [21] [22] [23] or chemically modified electrodes based on the transition metals [24] [25] [26] are used as working electrodes. The constant potential amperometry employs simpler instrumentation and provides higher sensitivity compared to PAD. However, the preparation steps of the working electrodes are not simple and the current responses gradually decrease.
The goal of the present study is to employ a mesoporous Pt electrode as a simple but reliable constant potential amperometric detector for sugars in HPAEC. According to Attard et al., 27 mesoporous Pt thin film can be conveniently electroplated from lyotropic liquid crystalline (LLC) phases containing non-ionic surfactants and Pt sources, and the obtained mesoporous Pt shows a hexagonally arranged mesoporous structure which is a replica of the hexagonally arranged cylindrical structure of the LLC phase. Recently, it was found that the mesoporous Pt electrode is able to enhance the faradaic current from a slow electrochemical reaction such as oxygen, 28 hydrogen peroxide, 29 and glucose. 30 The faradaic currents associated with their oxidation are sensitive to the nanoscopic surface areas of the electrodes rather than to its geometrical area. Therefore, highly enlarged surface area of Pt electrode in the form of mesoporous Pt films fabricated on a dual gold electrode can respond sensitively to native sugars without the problems encountered in noble metal electrodes. In this paper, we present a simple and time-efficient analytical method for direct determination of glucose, fructose, and sucrose in an apple juice sample by HPAEC coupled with simple amperometric detection (AD) method.
Experimental

Reagents
Hydrogen hexachloroplatinate(IV) hexahydrate, D-fructose, and sucrose were purchased from Aldrich. Octaethylene glycol monohexadecyl ether (C16EO8), D-(+)-glucose anhydrous were purchased from Fluka. Water for all solutions was purified using a Milli-Q water purification system (Millipore, Bedford, MA).
Instrumentation
Cyclic voltammetric experiments were performed with an EG&G 273A potentiostat (Oak Ridge, TN). All experiments were carried out with a conventional three-electrode system in a 15 mL electrochemical cell. A platinum wire and Ag/AgCl (3 M NaCl) were used as counter and reference electrodes. A conventional dual gold electrode (0.07 cm 2 for each single electrode, Bioanalytical Systems, West Lafayette, IN) was used as a substrate for the mesoporous Pt film.
In the HPAEC-AD system, a flow cell was assembled from a conventional dual gold electrode on which a mesoporous Pt film was deposited. This flow cell was placed against a transparent Plexglass window glass, as described in the previous paper. 31 A Younglin M930 HPLC pump (Young-Lin Instrument, Seoul, Korea) was used to deliver the mobile phase of 80 mM NaOH. Injection was made using a Rheodyne Model 9725 injector equipped with a 20-μL injection loop. A Hamilton RCX-10 anion exchange column (250 × 4 mm i.d.) was used for anion separation. A Won-A Tech potentiostat (Seoul, Korea) was used to apply the potential of 0.80 V against the Ag quasi-reference electrode in the HPAEC-AD system.
Preparation of mesoporous Pt electrode
In order to prepare liquid crystals, we mixed C16EO8 (0.42 g), distilled water (0.29 g), and hydrogen hexachloroplatinate hydrate (0.29 g), and the temperature was then raised to 80 C, at which point the mixture became transparent and homogeneous. After that, the electrode was soaked with the homogeneous mixture, until the temperature decreased to room temperature, at which the LLC phase forms.
Platinum deposition was carried out on a polished gold dual electrode at constant potential (-0.06 V vs. Ag/AgCl). The resulting mesoporous Pt electrode was placed in distilled water for 1 h to extract the C16EO8. This extraction procedure was repeated 3 -4 times.
And then the electrode was electrochemically cleaned using a potential cycling between +1.2 and -0.25 V vs. Ag/AgCl (3 M NaCl) in 1 M sulfuric acid until a constant cyclic voltammogram was obtained. The process was performed using a method previously published. 30 After all experiments, the electrode was electrochemically cleaned using the method described above and then stored in distilled water until the next use.
Experimental conditions
An apple juice sample was diluted 10-fold with 80 mM NaOH. The apple juice was filtered using a syringe filter of 0.20-μm pore size before injecting it into ion-exchange column. The column was operated at ambient temperature. The mobile phase, 80 mM NaOH (pH 13), was filtered using a vacuum filter system equipped with a 0.45-μm nylon membrane filter (Millipore, Bedford, MA) and was sonicated for 30 min. The flow rate of the mobile phase was maintained at 1.0 mL/min.
Results and Discussion
Voltammetric behavior of mesoporous Pt electrode
The mesoporous Pt was prepared following the previously reported method. Attard et al. initially reported that Pt film produced by this method had a mesoporous structure (pore diameter, 2.5 nm; pore-pore distance, 5.0 nm). We also confirmed the pore morphology of the mesoporous Pt. 27 TEM images of the mesoporous Pt prepared by us show similar morphological features. Also, a single X-ray diffraction peak appeared at 1.68 Å (2θ) corresponding to a pore-pore distance of 6.1 nm, which is close to the 5.9 nm value of mesoporous Pt in the literature. 32 The nanoscopic surface area of the mesoporous Pt deposited on a plane bare gold electrode was measured and compared to that of the control plane bare Pt electrode by cyclic voltammetric experiments in 1.0 M sulfuric acid. The geometrical area of a gold electrode for the Pt deposition was identical to that of the control bare Pt electrode. As shown in Fig. 1 , hydrogen adsorption/desorption peaks can be easily observed at the mesoporous Pt deposited on a plane bare gold electrode in the potential range between +0.1 and -0.2 V, but not so easily on the plane bare Pt electrode owing to a large hydrogen evolution current in the more negative potential range. The roughness factor of the fabricated mesoporous Pt electrode was determined to be 243 from hydrogen adsorption charge with a conversion factor of 210 μC cm -2 . 33 This result indicates that the mesoporous Pt electrode fabricated on a dual gold electrode has much larger surface area than that of the bare dual Pt electrode with the same geometrical area. Figure 2 shows the linear sweep voltammograms obtained at the mesoporous Pt electrode and at a control bare Pt electrode for 30 mM glucose in 80 mM NaOH solution. The glucose was easily oxidized at the mesoporous Pt electrode, but was not easily oxidized at the bare Pt electrode. The oxidation current of glucose obtained at the mesoporous Pt electrode with an applied potential of +0.5 V vs. Ag/AgCl (3 M NaCl) was 2.27 × 10 -4 A , which is 223-fold larger than that obtained at the control bare Pt electrode (5.70 × 10 -7 A). The same voltammetric behavior was observed for sucrose and for fructose (data not shown). The oxidation currents of fructose and sucrose obtained at the mesoporous Pt electrode at the same condition were . This result indicates that the mesoporous Pt electrode can sensitively detect native sugars without any pre-derivatization procedure. It is not easy to explain quantitatively the current enhancements of glucose, fructose, and sucrose, but it will be helpful to review the general phenomena in the acceleration of electrochemical reaction on a mesoporous electrode, at which a slower reaction is more enhanced than a faster one. In the previous report on glucose oxidation, 30 glucose oxidation, which is sluggish reaction, was tremendously accelerated on mesoporous Pt compared to ascorbic acid oxidation, which is a fast reaction. In this study, the anodic currents measured on a bare Pt electrode as the control were in the order of glucose (5.70 × 10 -7 A) > fructose (1.70 × 10 -7 A) > sucrose (1.30 × 10 -7 A), indicating that glucose is the fastest while the sucrose is slowest in the oxidation reaction. Because the enhanced reaction rate shows rather saturated behaviors (glucose, 2.27 × 10 -4 A; fructose, 8.31 × 10 -5 A; sucrose, 6.60 × 10 -5 A), the amplification factors may be in the order of glucose (223) < fructose (478) < sucrose (515).
Since it is well known that the noble metal electrode is easily fouled after the sugar oxidation, 10 the reproducibility and the operation stability of the mesoporous Pt electrode were examined in a flow injection system with a flow rate of 5 mL/min in 80 mM NaOH solution. The amperometric response of the mesoporous Pt electrode to 100 mM standard glucose was studied at the applied potential of +0.8 V vs. Ag quasi-reference electrode. As shown in Fig. 3 , the amperometric response was quite reproducible for 10 consecutive injections (RSD = 2.52%). In addition, the operational stability of the mesoporous Pt electrode was studied over a 12-h period by monitoring its amperometric response to a 30 mM standard mixture solution of glucose, fructose, and sucrose in HPAEC-AD system with a mobile phase of 80 mM NaOH at a flow rate of 1.0 mL/min. The responses of the mesoporous Pt electrode to glucose, fructose, and sucrose slightly decreased to 95.1, 96.0, and 94.5% of its initial response, respectively after 12 h operation without any electrode cleaning step. The result indicates that the voltammetric response of the mesoporous Pt electrode towards sugar was stable and reproducible. The enlarged area and somewhat different dynamics inside the nanopores are supposed to retard the surface degradation during the electrochemical reaction. However, the exact reason for the higher stability of mesoporous Pt is not obvious currently, and it needs intensive research.
The potential effect on the amperometric response of the mesoporous Pt electrode to 30 mM standard sugars was studied over the potential range of 0.45 -0.90 V (vs. Ag quasi-reference electrode) in 80 mM NaOH solution. As shown in Fig. 4 , the oxidation of each standard at the mesoporous electrode started at around 0.45 V and increased as the potential was positively changed from 0.45 to 0.80 V. When the potential was further changed up to 0.90 V, the response was steeply decreased. In the positive potential regime, the Pt surface becomes electrochemically oxidized to form an oxide layer. In basic solution, electrochemical oxidation of glucose produces gluconolactone that is adsorbed on Pt around 0.8 V; thus glucose oxidation supposedly reaches a diffusion-controlled reaction, indicating that more positive potential does not induce any further increase in the faradaic current due to glucose oxidation. Such a current maximum around the potential where Pt oxide forms is generally observed. 34 At more positive overpotential (>0.8 V), Pt oxide layer is expected to be denser than electrocatalytic oxide monolayer and temporarily retards the surface electron transfer. This behavior of Pt oxide layer may be responsible for the steep decrease in current at more than 0.8 V. Therefore, a potential of 0.80 V was selected as an optimum potential for all subsequent experiments.
Effect of mobile phase concentration
In the present HPAEC-AD system, NaOH solution was used as the mobile phase. The NaOH concentration can affect not only the amperometric response of the electrode to sugars but also the separation efficiency of the sugars in the HPAEC. Firstly, the effect of the NaOH concentration on the amperometric response to 30 mM glucose standard solution has been studied at the mesoporous Pt and at the bare Pt electrode. As shown in Fig. 5 , the amperometric response at the mesoporous Pt electrode increased as the NaOH concentration increased. This behavior was also the same at the bare Pt electrode. An oxidation mechanism of glucose at a Pt electrode in alkaline solution has been proposed by Beden et al., 35 in which the glucose oxidation takes place in multiple steps. The highly concentrated NaOH solution might facilitate the glucose oxidation at the Pt electrode because the hydroxide ions are involved in the glucose oxidation steps such as the chemisorption of glucose to the Pt electrode, oxidation of the intermediates, and the hydrolysis of gluconolactone to gluconate. Secondly, the effect of the NaOH concentration on the separation efficiency has been studied for the 30 mM standard solutions of glucose, fructose, and sucrose in HPAEC-AD system. The three sugars are weakly acidic and exist as anions under basic condition. Therefore, they can be separated on a highly efficient anion exchange column with the alkaline mobile phase. The retention times of the sugars decreased as the NaOH concentration increased from 10 to 100 mM (data not shown), which is theoretically expected behavior in the HPAEC. 36 When the NaOH concentration is below 50 mM, the retention time of sucrose was so long that it was not eluted within a 10-min separation period. On the other hand, when the NaOH concentration is above 80 mM, the three sugars eluted so fast that the peaks of glucose and fructose were not well separated from each other. As summarized in Table 1 , the resolutions of the peaks of glucose and fructose in 80 mM and 90 mM NaOH solutions were 1.53 and 0.84, respectively. Therefore, considering the good amperometric response and efficient separation, we used the mobile phase of 80 mM NaOH throughout the experiments.
Calibration curves
Under the optimum conditions described in the previous section, calibration curves were constructed for glucose, fructose, and sucrose standard solutions as shown in Fig. 6 . The standard solutions of sugars were prepared in 80 mM NaOH solutions. The figures of merit in the present amperometric detection method based on the mesoporous Pt are summarized in Table 2 . The calibration curves exhibit good linearity (R: less than 0.996) over two decades of concentration ranged from 1.0 to 100 mM with the detection limits (S/N = 3) of 0.24, 0.29, and 1.9 mM for glucose, fructose, and sucrose, respectively. The limits of detection for sugars were sufficiently low that the method would be valuable for detecting these compounds in real samples such as fruit juice and biological samples. The limits of detection are comparable with those of other techniques. For example, the limits of detection for glucose, fructose, and sucrose in milk-based formulae obtained with refractive index detection method were 0.72, 0.94, and 0.46 mM, respectively. 37 Alloy electrocatalysts based on the combination of Pt, Pb, Au, Pd, and Rh also resulted in the comparable limits of detection for glucose at around 1 mM range. 38 However, the detection limits obtained with the present method was much higher than those with the PAD method, which can easily produce the limit of detection at around nM range. 2, 39, 40 Although the present method on the mesoporous Pt electrode does not exceed the PAD in terms of the limit of detection, the present method employs a much simpler instrument because it uses a constant potential.
Long-term storage stability of the electrode
One of the advantages of the present mesoporous Pt electrode is its good long-term stability. Since this mesoporous Pt electrode was made with inorganic material, it shows much better level of stability than an enzyme-based electrode. The long-term storage stability of the nanoporous Pt electrode was studied over a 1 month period by monitoring its amperometric response to 30 mM standard solutions (glucose, fructose, and sucrose) in 80 mM NaOH with intermittent usage (every 2 -3 days) and storage in distilled water at room temperature when not in use. Prior to the use of the mesoporous Pt electrode, the electrode was electrochemically cleaned as described earlier.
The roughness factor of the mesoporous Pt electrode retained 96% of its initial value after 1 month, indicating that the electrochemical response of the mesoporous Pt electrode maintains the corresponding value.
Determination of sugars in apple juice
The present HPAEC-AD detection method based on mesoporous Pt electrode was applied to the determination of sugars in apple juice samples. An aliquot of an apple juice sample was diluted 10-fold with 80 mM NaOH solution and then filtered by using a syringe filter of 0.20-μm pore size before injection into HPAEC column. The anion exchange column was operated at ambient temperature (25 ± 2 C). The mobile phase of 80 mM NaOH solution was delivered at a flow rate of 1.0 mL/min. Figure 7 shows the chromatogram obtained with isocratic HPAEC separation and amperometric detection at the mesoporous Pt electrode for apple juice samples. Three sugars were well separated in the order of glucose, fructose, and sucrose within the run-time of about 12 min. Table 3 shows the analytical results for the three sugars in the apple juice. The present system produced quite reproducible results with relative standard deviations of no more than 3.64%. A recovery test was carried out with the apple juice spiked with 5 mM standard sugar solutions and the results are also presented in Table 3 . The recovery in all sugars ranged from 97 to 99%, which is within the acceptance criteria for a providing sufficiently accurate technique for real sample analysis of sugar in apple juice without significant interference problems.
Conclusions
In this paper, we have demonstrated the use of a mesoporous Pt electrode as an amperometric detector for high-performance anion-exchange chromatography (HPAEC). The mesoporous Pt electrode (roughness factor of 243) formed on a gold electrode is compatible with the highly alkaline eluents used in HPAEC and can also respond sensitively to glucose, fructose, and sucrose. The present method can detect carbohydrates in apple juice with a detection limit of 0.24, 0.29 and 1.8 mM for glucose, fructose and sucrose, respectively. The reproducibility of the measurement was good (RSD = 3.46%) and the recovery was acceptable. The present method has certain advantages over other methods in the analysis of sugars. The present method is quite simple and can directly detect sugars without pre-or postcolumn derivatization step of analytes. The instrument is quite simple compared to PAD, because it requires only a simple constant potential instead of complex pulsed potential steps. The mesoporous Pt electrode exhibited quite good long-term stability and reproducibility. Therefore, the present amperometric detection method based on mesoporous Pt electrode is available as a simple detection method in capillary electrophoresis and lab-on-a-chip. 
